Objective Growing evidence suggests that a phenotypic switch converting pancreatic acinar cells to duct-like cells can lead to pancreatic intraepithelial neoplasia and eventually to invasive pancreatic ductal adenocarcinoma. Histologically, the onset of this switch is characterised by the co-expression of acinar and ductal markers in acini, a lesion called acinar-to-ductal metaplasia (ADM). The transcriptional regulators required to initiate ADM are unknown, but need to be identified to characterise the regulatory networks that drive ADM. In this study, the role of the ductal transcription factors hepatocyte nuclear factor 6 (HNF6, also known as Onecut1) and SRY-related HMG box factor 9 (Sox9) in ADM was investigated. Design Expression of HNF6 and Sox9 was measured by immunostaining in normal and diseased human pancreas. The function of the factors was tested in cultured cells and in mouse models of ADM by a combination of gain and loss of function experiments. Results Expression of HNF6 and Sox9 was ectopically induced in acinar cells in human ADM as well as in mouse models of ADM. HNF6 and, to a lesser extent, Sox9 were required for repression of acinar genes, for modulation of ADM-associated changes in cell polarity and for activation of ductal genes in metaplastic acinar cells. Conclusions HNF6 and Sox9 are new biomarkers of ADM and constitute candidate targets for preventive treatment in cases when ADM may lead to cancer. This work also shows that ectopic activation of transcription factors may underlie metaplastic processes occurring in other organs.
INTRODUCTION
Pancreatic exocrine functions are exerted by the acinar cells which produce and secrete digestive enzymes, and ductal cells which line the ducts that drain the secretions to the duodenum. A phenotypic switch affecting the acinar cells may cause pancreatic adenocarcinoma (PA), one of the most aggressive cancers. 1 Phenotypic analysis of PA cells shows that they express markers of pancreatic ductal cells. However, there is evidence that PA may be initiated in acinar cells. In the pancreas of humans with PA, ductal markers are expressed in acinar cells located in the vicinity of the neoplastic regions. 2 Such ectopic expression of ductal markers, defined as acinar-to-ductal metaplasia (ADM), is also observed in various animal models such as pancreatic duct ligation (PDL), treatment with carcinogens or cerulein and forced expression of transforming growth factor (TGF)a or of mutated TGFb receptor type II (TGFbRII) in acinar cells. < Acinar-to-ductal metaplasia (ADM) is found in pancreatitis in humans and in different animal models. < Pancreatitis is a risk factor for pancreatic adenocarcinoma (PA). < Mouse models suggest that acinar cells are the cell type at the origin of PA and, consequently, that ADM is a precursor lesion of PA. Transcriptional regulators controlling this phenotypic switch have not yet been identified.
What are the new findings?
< Hepatocyte nuclear factor 6 (HNF6) and SRYrelated HMG box factor 9 (Sox9), two transcription factors normally expressed in ductal cells, were detected in human metaplastic acinar cells associated with pancreatitis and PA. Sox9 was also expressed in pancreatic intraepithelial neoplasia and in invasive PA cells. < Ectopic expression of HNF6 in acinar cells induced metaplasia and deletion of HNF6 and Sox9 inhibited development of ADM. < HNF6 and Sox9 activated ductal gene expression and repressed acinar gene expression in metaplastic acinar cells.
How might it impact on clinical practice in the foreseeable future?
< HNF6 and Sox9 are functional biomarkers of ADM. < The two factors may become targets for developing drugs that inhibit progression of preneoplastic stages of PA in families with a genetic predisposition to pancreatitis or PA. < This work also suggests that metaplastic processes found in other organs are controlled by ectopic expression of transcription factors.
ductal neoplasia develops in pancreas overexpressing TGFa, most likely originating from tubular complexes. 4 Several studies have recently shown that PA can arise from acinar cells: PA develops in mice which express mutated K-ras in acinar cells. 8e13 PA is associated with the formation of non-invasive ductal lesions known as pancreatic intraepithelial neoplasia (PanIN) 14 which can express acinar markers. 15 Lineage tracing experiments show that tubular complexes and PanIN can originate from acinar cells.
11e13 16 Constitutively active mutant forms of the proto-oncogene K-ras are found in a large proportion of PanINs, the overall rate for K-ras mutations increasing from 40% in PanIN1A up to 100% in PanIN3. 17 Consequently, mutated K-ras is considered as the major driver of progression to PA. 18 Mutations in other genes such as p21, p53, p16INK4 or SMAD4 cooperate with mutated K-ras to promote this progression. 1 19 Together, these findings suggest a model in which metaplastic acinar cells that acquire a K-ras mutation give rise to PanIN which will evolve to cancer provided that other genes are also mutated.
Clinical data show that pancreatitis, an inflammatory condition of the pancreas in which ADM is detected, may also contribute to the development of PA. 20 Results obtained in mice support this model: pancreatitis accelerates PanIN formation and progression to PA when mutated K-ras is expressed in the acinar cells. 15 These data suggest that activation of a ductal gene programme combined with repression of acinar gene expression in metaplastic acinar cells can lead to PA, yet how a switch from acinar to duct-like cells is determined remains unknown.
To investigate this switch, we used several models of ADM. We hypothesised that ADM is associated with inappropriate expression of ductal transcription factors in the metaplastic acinar cells. This was tested by studying the expression and function of the transcription factors hepatocyte nuclear factor 6 (HNF6), SRY-related HMG box factor 9 (Sox9) and HNF1b in metaplastic lesions. Indeed, in mouse embryos these factors control duct development as well as pancreas morphogenesis and endocrine differentiation.
21e25 After birth their expression persists only in duct cells, while being absent from acinar and endocrine cells. Here we show that HNF6 and Sox9 are expressed in human cells that undergo ADM. We also show that HNF6 can induce ADM and that both HNF6 and Sox9 are required in ADM for repression of acinar genes, for ADMassociated changes in cell polarity and for activation of ductal genes in acinar cells.
MATERIALS AND METHODS Mice
Mice received humane care according to the criteria listed by the National Academy of Sciences. Hnf6
, and Ela-CreERT2 mice have been described elsewhere. 23 26 27 Tamoxifen treatment
Six week-old ElaC-Sox9 f/f mice were treated with tamoxifen (Sigma-Aldrich, Saint Louis, Missouri, USA) dissolved in corn oil (Sigma) at a concentration of 30 mg/ml. Treatment consisted of an intraperitoneal injection of 100 ml combined with the gavage of another 100 ml on days 1, 3 and 5. Duct ligations and adenovirus injections (see below) were performed 12 days after the last day of treatment.
Construction of the HNF6-expressing adenovirus
HNF6 cDNA was subcloned into the pAdTrack-CMV shuttle vector (Addgene, Cambridge, Massachusetts, USA). The resulting plasmid was linearised with PmeI and co-transformed into Escherichia coli strain BJ5183-Ad1 which contains the supercoiled adenoviral vector pAd-Easy1 (Addgene). Adenoviral recombinants were selected by kanamycin resistance and screened by restriction endonuclease digestion. The recombinant adenoviral construct was cleaved with PacI and transfected into HEK293-FT cells. Adenoviruses were propagated in this cell line, purified by a double centrifugation on CsCl gradient and stored at À808C. Ad-HNF6 coded for both HNF6 and green fluorescent protein (GFP), their expression being under the control of independent CMV promoters.
Cell culture and adenovirus infection
266-6 cells, an acinar cell line derived from a mouse pancreatic tumour induced with an Elastase I/ SV40 T antigen fusion gene, were grown in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% fetal calf serum, L-glutamine and antibiotics. Ten thousand cells were seeded on 24-well plates 18 h prior to adenoviral infection. Cells were infected with adenovirus expressing either HNF6 (Ad-HNF6), Sox9 (AdSox9) 28 or GFP (Ad-GFP) (Vector Biolabs, Philadelphia, Pennsylvania, USA) at a multiplicity of infection of 100 in 200 ml of DMEM. After 1 h, 200 ml of twofold concentrated DMEM with supplements were added to the wells. Cells were grown for 48 h, then washed prior to RNA extraction or immunocytofluorescence analysis.
Western blotting
Proteins were extracted from infected 266-6 cells with RIPA buffer (150 mM NaCl, 1 mM PMSF, 1 mM EDTA, 1% Triton X100, 0.1% SDS) complemented with protease inhibitors (Sigma). For western blot analysis, protein extracts were subjected to electrophoresis on 10% polyacrylamide gels (SDS-PAGE) and transferred onto a nitrocellulose Hybond-C membrane (Amersham Biosciences, Peapack, New Jersey, USA). The membrane was incubated overnight at 48C with goat antiamylase 1/1000 (Santa Cruz Biotechnology, Santa Cruz, California, USA), goat anti-HNF6 1/5000 (described below) or goat anti-b-actin 1/1000 (Santa Cruz) antibodies diluted in Trisbuffered saline, 0.1% Tween and 5% bovine serum albumin (BSA). The membrane was then incubated with respective horseradish peroxidase antibodies 1/10 000 (Sigma) for 2 h at room temperature. Signals were visualised by chemiluminescence.
Adenovirus injection
Adenovirus injection was performed as previously described. 29 Briefly, adult mice were anaesthetised by intraperitoneal injection of ketamine (100 mg/kg) and xylazine (1 mg/kg). Under aseptic surgical conditions, a midline laparotomy was performed. The viscera were gently mobilised to reach the splenic lobe of the pancreas. One hundred ml of purified virus (1310 10 viruses/ml) was injected directly into 2e3 foci of the dorsal splenic lobe of the pancreas with a 3/10 ml insulin syringe (Becton Dickinson, Franklin Lakes, New Jersey, USA). The viscera were then placed in anatomical position and the abdominal wall and skin were sutured in separate layers. The mice received 1 ml sterile phosphate-buffered saline (PBS) subcutaneously and food and water were given ad libitum. Mice were collected 2 or 3 days after injection of adenoviruses.
Pancreatic duct ligation (PDL) and 9,10-dimethyl-1,2-benzanthracene (DMBA) treatment
Mice were anaesthetised and the pancreas was surgically exposed as described above. PDL was performed using a Surgipro II 7-0 non-absorbable monofilament polypropylene suture. The mice were killed 5 days after the ligature and the pancreas was collected for immunolabelling.
For 9,10-dimethyl-1,2-benzanthracene (DMBA) treatment, adult control and hnf6 À/À mice were anaesthetised and the pancreas was surgically exposed as described above. One polytetrafluoroethylene pledget soaked in 8 ml DMBA 10% in benzene was placed on the splenic lobe of the pancreas. The pancreatic parenchyma was then wrapped around the pledget, resulting in a pouch that was closed using a pursestring suture. Mice were killed 20 days after surgery and the pancreas was collected for immunolabelling.
Generation of a guinea pig anti-HNF6 antibody
Two peptides spanning amino acids 11e53 (GELHGVSHEPVPAPADLLGGSPHARSSVGHRGSHLPPAHPRSMc) and 61e81 (GGSGGSDYHHHHRAPEHSLAGc) of mouse HNF6 were synthesised (Schafer-N) with a C-terminal cysteine (c) added for coupling to mcKLH. Peptides were conjugated to mcKLH using Imject Maleimide Activated mcKLH Kit (Pierce, Rockford, Illinois, USA) according to the manufacturer 's instruction. The conjugates were purified by dialysis in PBS overnight. The two coupled KLH protein complexes were mixed 1:1 and injected into four guinea pigs. They were immunised subcutaneously biweekly with 20 mg KLH-HNF6 aa11e53:KLH-HNF6 aa61e81, the first immunisation with Freund's complete adjuvant and the next three with Freund's incomplete adjuvant, followed by monthly immunisations with 4 mg with Freund's incomplete adjuvant. The animals were bled 10 days after each immunisation.
Immunolabelling 266-6 cells were fixed for 20 min at À208C in methanol, washed three times in PBS and permeabilised in PBS, 0.3% Triton X-100 for 10 min and incubated in blocking buffer (PBS, 10% BSA, 3% milk powder, 0.3% Triton X-100) for 1 h. Mouse tissue samples were fixed overnight in 4% paraformaldehyde in PBS at 48C and embedded in paraffin. Archival human formalin-fixed pancreatic samples from the Cliniques Universitaires Saint-Luc Pathology Bank were used to perform immunolabelling. Serial paraffin sections, 9 mm thick, were mounted on glass slides, deparaffinised and rehydrated. Antigen retrieval was performed by boiling the slides for 10 min in 10 mM citrate buffer (pH 6) in a microwave oven.
The primary antibodies were: guinea pig anti-HNF6 1/5000, rabbit anti-HNF6 (Santa Cruz) 1/200, rat anti-CK19 (Developmental Studies Hybridoma Bank) 1/50, CK7 (Biogenex, Milmont Drive, Fremont, USA) 1/50, rabbit anti-Cleaved Caspase3 (Cell Signaling Technology, Beverly, Massachusetts, USA) 1/200, rabbit anti-GFP (Abcam) 1/200, goat anti-Amylase (Santa Cruz) 1/500, rabbit anti-Sox9 (Millipore, Billerica, Massachusetts, USA) 1/500, Armenian hamster anti-Mucin1A (Neomarkers) 1/500, mouse anti-Ezrin (Neomarkers) 1/ 50, rabbit anti-HNF1b (Santa Cruz) 1/100. They were diluted in blocking buffer and incubated with the samples overnight at 48C. Secondary antibodies and streptavidin-POD conjugate (1/100) were diluted in PBS, 10% BSA, 0.3% Triton X-100 buffer and incubated at 378C for 1 h. Immunolabelling was carried out as for immunocytofluorescence. Photographs were taken using a Cell Observer Spinning Disk confocal microscope (Carl Zeiss, Thornwood, New York, USA) for the fluorophore labelling or a Mirax imaging system (Zeiss) for histological staining.
Reverse transcription-PCR (RT-PCR) and real-time quantitative PCR (qRT-PCR)
Total RNA was extracted from the pancreas or 266-6 cells with TriPure reagent (Roche, Basel, Switzerland). RT-PCR and qRT-PCR were performed as described elsewhere. 25 For quantification, the absolute copy number for each mRNA was normalised to the absolute b-actin mRNA copy number using standard calibration curves. For comparison of hnf6 +/+ and hnf6
animals, E-cadherin normalisation was also performed to take account of the fact that the mesenchyme/epithelium ratio is increased in hnf6 À/À pancreas. Sequences of the primers used for quantification can be obtained on request.
Quantification of metaplasia and apoptosis marker expression in overexpression and PDL models 
RESULTS

Expression of HNF6 and Sox9 in human ADM
We first determined whether ADM is associated with ectopic expression of ductal transcription factors in human acinar cells. In healthy pancreas from resections of PA, HNF6, Sox9 (figure 1A,C) and HNF1b (online supplementary figure 1A) were found only in ductal cells, including the centroacinar cells. In metaplastic lesions located in the vicinity of regions of PA, the expression of HNF6 and Sox9, but not that of HNF1b, extended to metaplastic acinar cells (figure 1B,D and online supplementary figure 1B). In metaplastic acinar cells, HNF6 was co-expressed with amylase but not with the ductal marker cytokeratin (CK)7 (figure 1E,F). In contrast, Sox9 was not coexpressed with amylase (figure 1E), with the exception of rare acini in which amylase and Sox9 were or were not co-expressed with CK7 ( figure 1G ). Moreover, metaplastic structures with acinar-like morphology were HNF6-positive and Sox9-negative (figure 1E), whereas metaplastic structures with duct-like morphology were HNF6-negative and Sox9-positive (figure 1H). However, co-expression of both factors was observed in metaplastic cells with intermediate morphology (data not shown). Finally, PanIN and PA cells lacked HNF6 but expressed Sox9; HNF6 was absent in PanIN1A whereas Sox9 was found in PanIN1A/B, PanIN2, PanIN3 and cancer cells (online supplementary figure 2 and data not shown). These observations indicate that HNF6 and Sox9 are ectopically expressed in metaplastic cells during ADM.
Overexpression of HNF6 triggers ADM
To investigate if HNF6 and Sox9 can induce ADM, we overexpressed these factors in cultured cells and in pancreas. The lack of HNF1b in human ADM precluded the need to investigate its role further. Overexpression was performed by adenoviral transduction of HNF6 (Ad-HNF6) or Sox9 (Ad-Sox9), with GFP-expressing adenovirus (Ad-GFP) as a control. In the acinar 266-6 cell line, expression of HNF6 (but not of GFP or Sox9) induced Sox9, CK19 and osteopontin 30 which, in the pancreas, have an expression restricted to the ductal cells, and repressed the acinar markers Mist1, Ptf1a, amylase, CPA and elastase (figure 2A). HNF1b was weakly induced by HNF6 ( figure 2A ). Immunostaining and western blot experiments confirmed that Sox9 was induced and amylase repressed in cells overexpressing HNF6 figure 2B,C and data not shown) . Together, these in vitro experiments suggest that HNF6, but not Sox9, can repress acinar markers while inducing ductal markers, and that Sox9 is downstream of HNF6.
We then injected pancreas in vivo with Ad-GFP, Ad-HNF6 or Ad-Sox9. After 3 days of infection, the acinar cells transduced with Ad-GFP expressed neither HNF6 nor Sox9 (figure 3A). Sox9 was unable to induce HNF6 ( figure 3B ). In contrast, several acinar cells infected with Ad-HNF6 expressed Sox9. Surprisingly, part of the Sox9-expressing cells did not co-express HNF6, suggesting that Sox9 expression was more stable than that of HNF6 ( figure  3C ). To quantify this, we examined the temporal expression pattern of HNF6. We took advantage of the fact that Ad-HNF6 expresses both HNF6 and GFP, and compared GFP/HNF6 and GFP/Sox9 co-labelling after 2 or 3 days of infection by Ad-HNF6. Almost 100% of the GFP-expressing cells were co-labelled by Sox9 at the two time points, indicating that Sox9 expression was as stable as GFP in that time frame ( figure 3E ). In contrast, 65% of cells expressing GFP were positive for HNF6 2 days after infection, while only 35% of GFP-positive cells were HNF6-positive after 3 days ( figure 3E,F) . Also, the proportion of Sox9-positive cells co-expressing HNF6 diminished with time ( figure 3E ). Together, these results indicate that ectopic expression of HNF6 in acinar cells induces Sox9 and that Sox9 is more stable than HNF6.
Histochemical staining indicated that pancreas infected with Ad-HNF6 shows metaplasia ( figure 3C ). This is not observed after infection with Ad-GFP ( figure 3A) . Ectopic expression of HNF6 in acini induced diffuse expression of CK19 and decreased that of amylase (figure 3C), thereby recapitulating in vivo the findings in 266-cells. The number of cells with reduced amylase expression exceeded the number of cells positive for HNF6. This probably resulted from the low stability of HNF6: when HNF6 is no longer detected, amylase expression is still reduced. Since ADM is associated with loss of acinar cell polarity, 31 we also studied the location of Ezrin and Mucin1a which are normally present at the apical pole of acinar cells ( figure 3A and figure 5A , F). After infection with Ad-HNF6, Mucin1a expression remained apical (data not shown) but Ezrin was relocated to the cytoplasm ( figure 3C ). After infection with Ad-Sox9, amylase and Ezrin expression was not modified and <2% of acinar cells started to express CK19 (figure 3B). Quantification of these results (see online supplementary figure 3) confirmed the interpretation of the immunostainings. We conclude that HNF6 can induce metaplasia by repressing acinar genes while inducing duct genes, including Sox9. Sox9 overexpression has marginal effects on CK19.
HNF6 and Sox9 are required for PDL-induced ADM
To investigate whether HNF6 and Sox9 are required for ADM, we turned to mouse models of ADM. PDL is known to induce pancreatitis with ADM and subsequent loss of acinar cells 32 ( figure 4A,C) . In wild-type pancreas, HNF6 was found only in ductal cells with no expression in acinar cells (figure 4F). Sox9 was highly expressed in ductal cells whereas a few acinar cells showed low levels of Sox9 (figure 4K). After PDL, high expression of both factors was seen in metaplastic acinar cells (dotted lines in figure 4H,M) . To test if HNF6 and Sox9 are required for PDL-induced ADM, we used knockout mice for these factors. We first performed PDL in hnf6 À/À mice. 23 Most hnf6 À/À mice die within 1 or 2 weeks after birth. They have an endocrine defect 23 and show pancreatic hypoplasia and ductal cysts. 22 25 However, a fraction of knockout mice survive. The latter do not display acinar anomalies ( figure 4A,B) and show normal acinar gene expression (unpublished data). In duct-ligated hnf6 À/À mice, oedema and inflammatory infiltrates were observed but, compared with wild-type duct-ligated pancreas, the integrity of the acinar tissue was less affected ( figure 4B,D) . As expected, in wild-type mice after PDL, CK19 and Sox9 were induced in acinar cells ( figure 4K,M,P,R) . In contrast, in duct-ligated hnf6 À/À pancreas, expression of CK19 remained ductal (figure 4Q,S) and acinar expression of Sox9 was weak or undetectable. When detectable, this expression remained close to background ( figure 4K,L,M,N) . Ligated wild-type pancreas showed a number of metaplastic acini with reduced expression of amylase (figure 4K,M,P,R), whereas amylase expression was maintained in ligated hnf6
À/À pancreas ( figure 4L,N,Q,S) . Quantification of the data supported our interpretation (online supplementary figure 4 ). Histological stainings of sections corresponding to the panels shown in figure 4 are also provided in online supplementary figure 5. In ligated wild-type pancreas, Ezrin and Mucin1a were no longer restricted to the apical pole but spread out in the cytoplasm (figure 5A,C,F,H), whereas they remained closely associated with the apical pole in ligated hnf6 À/À pancreas ( figure 5B,D,G,I ). In the latter, no apoptotic cells were found ( figure 5L,N) , whereas apoptosis was abundant in ligated wild-type pancreas ( figure 5K,M) . Conversely, apoptosis was observed in pancreas infected with Ad-HNF6 while little or no apoptosis was found in pancreas infected with Ad-GFP or AdSox9 (figure 3G, and data not shown). We conclude that HNF6 is required for PDL-induced repression of acinar markers and perturbed polarity.
We next investigated the role of Sox9 in ADM by performing PDL in mice with acinar-specific inactivation of Sox9 (Elastase CreERT2/Sox9 f/f , here abbreviated ElaC-Sox9 f/f ). 26 27 After tamoxifen induction, Elastase CreERT2-mediated deletion of the floxed Sox9 allele leads to a decrease in the number of Sox9-expressing acinar cells after PDL (online supplementary figure  4A ). Before PDL, no metaplastic lesion was observed in ElaCSox9 f/f mice (data not shown). PDL induced pancreatitis in the mutant mice ( figure 4A,E) . However, in Sox9-depleted areas, more acinar cells escaped destruction, CK19 was less induced and there was less apoptosis than in duct-ligated wild-type mice (figures 4C,E,R,Tand 5M,O and online supplementary figure 4D, G). Amylase expression was maintained in the acini ( figure 4J ,O, T and online supplementary figure 4B), and mislocalisation of Ezrin was prevented (figure 5C,E and online supplementary figure 4E) . A limited number of Sox9-depleted cells showed HNF6 induction after PDL (arrowhead in figure 4J) . However, the lack of Sox9 did not prevent PDL-induced mislocalisation of Mucin1a ( figure 5H,J) . We conclude that Sox9 is required for PDL-induced metaplasia but that its absence is less protective against metaplasia than the absence of HNF6.
Ad-HNF6 infection (left panel). Quantification of the percentage of Sox9-positive cells that co-expressed HNF6 at the same time points. These quantifications show that HNF6 expression is less stable than GFP and Sox9 (right panel). (F) GFP/HNF6 immunolabelling of pancreas 2 or 3 days after transduction with Ad-HNF6, which codes for both HNF6 and GFP. HNF6 is less stably expressed than GFP. (G) Cleaved Caspase3/GFP and cleaved Caspase3/HNF6 immunolabelling of pancreas infected by Ad-GFP and Ad-HNF6, respectively. Many apoptotic cells are detected in pancreas infected with Ad-HNF6. Cl Caspase3, cleaved Caspase3; GFP, green fluorescent protein.
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To verify the importance of Sox9 for HNF6-induced metaplasia, Ad-HNF6 was transduced in ElaC-Sox9 f/f mice ( figure 3D  and online supplementary figure 3 ). In the absence of Sox9, HNF6 was less efficient in mislocating Ezrin and CK19, indicating that Sox9 mediates at least part of the metaplasiainducing effects of HNF6. However, in the absence of Sox9, HNF6 repressed amylase and induced apoptosis as efficiently as in the presence of Sox9, indicating that not all the effects of HNF6 are Sox9-dependent ( figure 3D and online supplementary  figure 3A,D) . Taken together, our results show that both HNF6 and Sox9 are required for metaplasia and that part of the effects of HNF6 depends on Sox9.
HNF6 contributes to carcinogen-induced ADM
The role of HNF6 was also investigated in metaplasia induced by DMBA, a well-known carcinogen that intercalates between the DNA bases and produces random mutations. 33 In wild-type mice (figure 6AeD), DMBA perturbed acinar morphology (area 1 delineated by a dotted line in panel A, magnified in panel B) and induced formation of tubular complexes (area 2 in panel A, magnified in panel C). Total acinar cell destruction was also observed in large inflammatory regions ( figure 6D ). In large inflammatory regions, no persistent acinar cell was observed (n¼3). In lobules adjacent to the inflammatory regions (area 1 in figure 6A , magnified in B), HNF6 and Sox9, but not HNF1b, were detected in ADM (figure 6I,J, and online supplementary figure 1E ). DMBA-induced ADM also showed induction of CK19 and mislocalisation of Mucin1a ( figure 6K,L) .
Since depletion of Sox9 in ElaC-Sox9 f/f mice did not affect all acinar cells, the role of Sox9 in DMBA-induced ADM was not investigated. In contrast, we investigated the role of HNF6 by implanting DMBA in hnf6 À/À pancreas. The absence of HNF6 did not prevent the development of ADM (figure 6E,F) and formation of tubular complexes (figure 6G) but, in contrast to wild-type pancreas, a number of acinar cells persisted in the large inflammatory regions (n¼3, figure 6H ). These acinar cells ectopically expressed Sox9 (figure 6M) but showed less repression of amylase ( figure 6N,O) . Moreover, in the absence of HNF6, CK19 was not induced ( figure 6N ) and Mucin1a location remained normal (figure 6O). We conclude that HNF6 contributes to repression of acinar markers, induction of ductal markers and perturbed polarity in DMBA-induced ADM.
DISCUSSION
In this paper we hypothesised that ductal transcription factors were ectopically expressed in pancreatic acinar cells during ADM and so contribute to metaplasia. Our results show that this is the case for the transcription factors HNF6 and Sox9. 25 When ectopically expressed in acinar cells, HNF6 induces Sox9, indicating that Sox9 is downstream of HNF6. In human ADM, HNF6 is expressed predominantly in metaplastic cells which maintain the overall acinar morphology and acinar marker expression, whereas Sox9 is predominantly found in metaplastic cells that display duct-like characteristics. Sox9 is detectable in PanIN, but not HNF6. These observations suggest that HNF6 expression precedes that of Sox9 in human ADM, and are in line with the finding in mice and cultured cells that HNF6 can induce Sox9. Our data are compatible with a model in which PA originates from ADM that evolves through ductal complexes and PanINs.
Ectopic expression of HNF6 is sufficient and necessary to repress acinar markers and to induce ductal markers both in vitro and in vivo. However, these properties are not shared with Sox9. Indeed, overexpression of Sox9 cannot induce metaplasia, except for marginal induction of CK19. PDL-induced metaplasia still occurs after PDL in the absence of Sox9 but is significantly less severe than when it is present. HNF6 and Sox9 belong to the same gene cascade, HNF6 being necessary and sufficient to induce Sox9. However, the effects of HNF6 are not all mediated by Sox9, suggesting that Sox9 is not the sole effector of HNF6 in ADM. How HNF6 and Sox9 repress an acinar programme while inducing a ductal programme remains unknown.
Each model of ADM has its own specificity. The absence of HNF6 is less protective against ADM and acinar cell destruction in pancreas treated with DMBA than in duct-ligated pancreas. This most probably results from the random mutagenenesis induced by DMBA, which is likely to overcome the protective effect of the absence of HNF6 in most acinar cells. This also suggests that different types of ADM develop in these models. In some cases ADM could be associated with the upregulation of adult ductal cell markers whereas, in other cases, expression of embryonic progenitor markers could be upregulated, as described recently when acinar cells were cultured in suspension. 34 However, it should be noted that distinguishing both situations could be difficult because adult ductal markers and embryonic progenitor markers are identical for most of them. Finally, in duct-ligated hnf6 À/À pancreas, a few cells displaying ADM were found despite the absence of HNF6. Such cells were detected near the ligation point (data not shown), a situation reminiscent of that found near the duct ligation in MMP7 À/À mice which are otherwise resistant to pancreatitis. 35 In an earlier study the lack of HNF6 correlated with ADM and pancreatitis. 36 This was detected in mice with Pdx1-Cre-mediated inactivation of floxed hnf6 alleles. In Pdx1-Cre/hnf6 loxP/loxP mice, inactivation was partial and the lack of HNF6 in ductal cells is likely to induce pancreatitis resulting from defective ductal cell function, as seen in Jagged1-deficient mice. 37 Pancreatitis would then locally promote metaplasia of acinar cells in which HNF6 has not been eliminated by the Cre recombinase. This is in contrast with our hnf6 À/À mice in which all acinar cells are depleted in HNF6 and therefore resistant to metaplasia.
A threefold higher number of PanIN lesions was found in hnf6 À/À DMBA-treated pancreas than in DMBA-treated control pancreas (data not shown). This was unexpected given that progression of ADM after DMBA treatment is slowed down in the absence of HNF6. In DMBA-treated pancreas it has been suggested that PA arises from ductal cells. 38 Since hnf6 À/À pancreas has ductal cysts lined by a multilayered epithelium 25 and harbours squamous cell metaplasia, 36 we suggest that such cysts and metaplastic lesions may sensitise the cells to DMBA, leading to increased formation of PanINs.
ADM was observed when HNF6 was ectopically expressed in several cells within pancreatic lobules. In contrast, when isolated acinar cells ectopically expressed HNF6, these cells did not undergo ADM (data not shown). Wide but not focal expression of HNF6 was associated with inflammation, suggesting that ectopic expression of HNF6 and inflammation cooperate to induce ADM. This is independent of adenoviral infection since Ad-GFP induced inflammation but no ADM. In this respect, the effect of HNF6 is reminiscent of that of oncogenic K-ras, since it is known that formation of ADM and PanIN is promoted when oncogenic K-ras and inflammation are associated. 15 Our study shows that acinar expression of HNF6 and Sox9 is characteristic of ADM in humans. These two factors therefore constitute new biomarkers of ADM. Since ADM is characterised by a switch from acinar to ductal phenotype, and since such a phenotypic switch can possibly lead to PA, HNF6 and Sox9 may be regulators of progression to PA. The two factors may eventually become targets for developing drugs that inhibit progression of preneoplastic stages to PA in cases when ADM leads to cancer, such as in families with a genetic predisposition to pancreatitis or PA. Finally, the mechanism described herednamely, that ectopic expression of transcription factors of a cell type contributes to converting another cell type to the cell type of the transcription factordmay constitute a paradigm for metaplasia. For instance, chronic inflammation of the oesophagus leads to intestinal metaplasia (Barrett's oesophagus) associated with expression of the intestinal transcription factor Cdx2, suggesting that Cdx2 may drive metaplasia. 39 The cell type origin of carcinoma often does not correlate with its histological characteristics. For instance, skin basal cell carcinoma does not originate from bulge stem cells but from resident progenitor cells of the interfollicular epidermis and the upper infundibulum, and prostate cancer derives from basal cells and not from luminal cells, 40 41 suggesting that transcription factors from resident progenitor cells and from basal cells, respectively, may contribute to the phenotypic switch ultimately leading to carcinoma. Our findings therefore open new avenues for understanding phenotypic switches potentially leading to cancer.
